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ABSTRACT Deoxygenated sickle cells (HbS) have been shown to orient in homogeneous
magnetic fields because of magnetic anisotropy of the hemes. The time of rotation is
proportional to 1/H2 and is in agreement with theory. Structural information concerning the
orientation of HbS molecules in the fibers is obtained from these experiments and is shown to
agree substantially with existing models.
INTRODUCTION
Several biological systems have been shown to orient in homogeneous magnetic fields (1-6).
Such behavior results from the magnetic anisotropy of individual molecular components of the
rotating body. Chloroplasts, retinal rods, nucleic acids, etc. orient themselves because of
diamagnetic anisotropy (4). In the case of sickle cells it has been observed that they acquire an
equilibrium orientation at 900 to the applied magnetic fields (2).
Sickle cells are erythrocytes that are deformed because of the aggregation of deoxy-
hemoglobin S molecules into individual fibers. Bundles of these fibers are aligned approxi-
mately parallel, deforming the cell, and resulting in its sickled appearance. The peculiar shape
of the cells allows for visual observation under a microscope located in an applied magnetic
field.
In the present work we study the rotation of sickle cells in such fields. We show
experimentally that T, the time of rotation, is proportional to 1/H2 (H-magnetic field), and
from this we obtain the magnetic anisotropy of the cell. An analysis of the experimental
results, based on a simple model for the fibers, leads to some structural information about the
orientation of the hemoglobin molecules (HbS) in the fibers.
MATERIALS AND METHODS
A small microscope, with a X-Y micrometric table, is placed between the poles of the Varian V-1400
electromagnet (Varian Associates, Palo Alto, Calif.) that can be easily rotated around an axis
perpendicular to the field. A drop of fresh blood from an HbS homozygote in a 2% solution of sodium
meta bisulfite (2 parts to 1 part of blood) is placed between two microscope slides and sealed with
varnish. A cell is selected in the visual field, and after its equilibrium orientation is attained, the magnet
is rapidly rotated and the time r for rotation of the cells between 0q and of-is measured. 4i is the angle
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between the long axis of the sickle cell and the magnetic field, just after the rotation of the magnet. For
practical reasons 4; was chosen as 350. of is 650.
RESULTS AND DISCUSSION
Fig. 1 shows the experimental results. Each point is an average of 5-10 measurements on the
same, as well as on different cells.
Solving the equation of motion of a rod of moment of inertia, I, in a magnetic field, I -
(d24/dt2) + t (do/dt) + VH2 Ax sin 20 = 0, one obtains within the approximation
(d20/dt2) = 0,
T In tg-(
Hr2AxC tgq5f (1)
where t is the rotatory frictional coefficient of the cells considered as slender prolate ellipsoids,
and AX, is the cell magnetic anisotropy. The inverse proportionality between T and H2 is quite
closely followed by the sickle cells.
Using Perrin's expression (4) for t:
16mna3 (2)
6 log() -3b
with the major axis of the cell a = 1.4 * 10-3 cm, the minor axis b = 5 * 10-4 cm, the viscosity
of the medium, 7 = 1.02 * 10-2 poise, we obtain t = 1.92 * 100 g - cm2/s.
Comparison of Eq. 1 with the experimental results (Fig. 1) provides the value of AXc =
2.7 * 10-8 for the anisotropy of the sickle cell.
-_eor .*1I *55,
P.S.
; .-as.3~ &t~MU~&Bi) "
FIGURE 1 The inverse of the time of rotation (s') of the sickle cells as a function of the magnetic field,
H.
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In all measurements of was chosen to be 650 since it can be shown by a simple propagation
of errors treatment of the equation that this final angle produces the smallest error in
determining Axc,
We now relate this value of Ax, to structural parameters of the cell. Fibers exist only in
deoxygenated sickle cells. The paramagnetic susceptibility of deoxyhemoglobin due to the
spin state S = 2 of the individual hemes is, at room temperature, one order of magnitude
larger than the diamagnetic susceptibility, as determined by Pauling (7). It is also known (8)
that the paramagnetic susceptibility in the plane of the heme, X19 is - 10% larger than the
susceptibility perpendicular to the heme plane (XI). Let us then consider the effect of this
paramagnetic anisotropy on the orientation of the cells.
The interaction energy of one heme with the magnetic field is
E=
--2AXh(u H) (3)
where u is the unit vector normal to the heme plane and AXh = (X1- XI). To calculate the
magnetic energy of the whole sickled cell we make two assumptions, about the structure and
alignment of the fibers in the cells, which are consistent with recently proposed models based
on experimental results (9-1 1). These are (a) the HbS molecules in the fibers are oriented in
such a way that the molecular x-axis' makes an angle 0 with the symmetry axis of the fiber,
but the molecules are otherwise randomly oriented. (b) The fibers, which contribute
cooperatively to the magnetic orientation, are all aligned parallel to the long axis of the cell.
If we write u in the molecular axis system, xyz,' as
u= cos acx + cos O6 +cos -y£ (4)
the magnetic energy of the cell whose long axis makes an angle 4 with the field H is given,
after averaging over the molecular orientations around the fiber axis, by
1 4
E(0) =_IAxINH2Z{cos240 (3 cos20 - 1) (3 cos2ai- 1)
+ cos2 0 (1-3 cos2 ai) + (1 + cos2 ai)} (5)
where N is the number of Hb molecules in the aligned fibers (expressed in moles). Ax is the
anisotropy in the molar susceptibility of the heme and ai is the angle between the normal to
the plane of the eth heme group (i = 1, 2, 3, 4) of the molecule and the x molecular axis.
Substituting the known (13, 14) values of a into Eq. 5 one obtains
E(+O) = X/2 H2 Ax I N [1.42 cos2 X (3 COS2 6 _ 1)] + terms independent of 4). (6)
The sign of the coefficient of cos2 4) is crucial to the orientational behavior of the cell. If it is
positive, the +-dependent part of the magnetic energy is minimized at 4 = 900, whereas if it is
negative it is minimized at 4 = 00 or 1800. Since the experiments show that 4 = 900, it is
'The y axis is the true twofold axis of symmetry of the Hb molecule, and the x and z axes are pseudo twofold axes. A
rotation of 180° about the x axis maps subunit a, into ,I, and subunit a2 into 1@2 (10).
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implied that (3 cos2 0 - 1) > 0, and 0 < 550; this result agrees with the existing fiber models
(15, 16), based on other experiments in which 0 < 220.
From Eq. 6 one can obtain an expression for the anisotropy in the molar susceptibility of the
hemes as a function of 0:
I 1.42N(3cos2O- 1) (7)
Taking for the anisotropy of the whole cell, the average of all the experimental points, Ax, =
1.9 . 10'1, and for N, the measured value of 4.32 . 10-16 mol, we get
IAxI= 3.1 . 10-(3cos2- 1) (8)
For 0 = 00, Ax has its minimum value of 1.55 x I0-. As 0 increases, Ax increases slowly,
reaching at 0 = 350, a value which is only about twice its minimum value. From there on it
increases faster going to infinity at 0 = 550. These values are to be compared to the value of
1.1 x lo-3 obtained for the paramagnetic anisotropy of the heme from another experiment
(8).
The overall agreement, better for smaller 0, is gratifying, showing first that 0 is most
probably a small angle (0 < 350) and second, that the orientation of the cells is mainly due to
the paramagnetic anisotropy of the hemes. The anisotropy in the diamagnetism of the hemes
surely also plays a role in the orientation; however, its value is estimated (16) to be -20% of
the value of the paramagnetic one. To take it into account in our calculations we should add
the diamagnetic energy of the hemes in the cell to Eq. 6. The paramagnetic and diamagnetic
Ax have both the same sign as do the energies. Therefore the diamagnetism cooperates with
the paramagnetism in orienting the cells perpendicular to the magnetic field. The effect of the
inclusion of the diamagnetic energy term in Eq. 6 is to bring down the calculated
paramagnetic anisotropy Ax from 1.55 to 1.29 x 10-3, for 0 = 0, leading to a better
agreement with the value obtained in reference 15.
The ca-helix has also been shown (6) to have diamagnetic anisotropy, because of axial
alignment of the planar peptide bonds. In the Hb molecule, however, they seem to be nearly
randomly oriented, in which case they do not contribute to the magnetic anisotropy.
From these experiments we have obtained limits to the value of 0 but we have not been able
to get an exact value for it. No value of 0 was consistent with the known value of the heme
paramagnetic anisotropy (15). One of the possible reasons for this is the simplfying
assumption that all fibers in the cell are parallel. In fact it is known (13) that there are fibers,
or groups of fibers that are not aligned parallel to th7e long axis of the cell. The contribution of
these fibers to the magnetic anisotropy is difficult to estimate because of the lack of cylindrical
symmetry. Another reason is the possible error in the value of the rotatory frictional
coefficient since the geometry of Perrin's formula does not correspond exactly to the actual
shape of the sickle cell.
We should finally point out that the present method of orientation is very convenient for
biological systems because it has apparently no destructive effect and it allows the study of
properties of these systems in their natural physiological environment.
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